The rapid increase of ketamine (K) abuse worldwide has created a need for a sensitive and reliable detection procedure. Ketamine and its major metabolite, norketamine (NK), are usually determined with gas chromatography-mass spectrometry (GC-MS). Phase II metabolism of K has not been fully investigated. In this report, we studied the phase II biotransformation of ketamine. Urine samples were hydrolyzed with concentrated HCI and alkalinized and extracted with organic solvent. GC-MS (electron impact mode) was employed to determine K, NK, and dehydronorketamine (DHNK). Acidic hydrolysis of urine samples resulted in the detection of a significant increase of K, NK, and DHNK. This indicated the presence of acid-labile conjugates of K, NK, and DHNK in positive urine samples. Because we were unable to obtain DHNK reference materials, the determined value of DHNK was only presumptive. The limit of detection of the procedure was 1 ng/mL for K and 5 ng/mL for NK. The limit of quantitation was 5 ng/mL for K and 10 ng/mL for NK. The range of linearity was 5 pg/mL for K and NK. The within-run precisions (%CV) for K at concentrations of 40, 120, and 360 ng/mL were 1.54%, 3.41%, and 2.08%, respectively. The within-run precisions for NK were 2.09%, 1.08%, and 1.16%, respectively. Betweenday precisions for K were 5.04%, 1.99%, and 5.31%, respectively. Between-day precisions for NK were 3.93%, 2.37%, and 4.51%, respectively. The accuracy of the controls was between 93.7% and 102.5% of the target values. The effect of acidic hydrolysis was determined with a group of 50 samples. The median concentration ratios of hydrolyzed to unhydrolyzed K, NK, and DHNK were 1.15, 1.35, and 1.44, respectively.
Introduction
Ketamine (K) was synthesized by Calvin Stevens at ParkeDavis Laboratories in 1962 (1) and was marketed as an anesthetic drug for human and animal use in the 1970s (2) .
Ketamine is a dissociative anesthetic drug (1, 2) at sub anesthetic doses; it possesses psychedelic properties similar to phencyclidine (PCP) (3, 4) . It induces hallucination; it is less toxic than PCP with a shorter duration of action (3) (4) (5) . Psychedelic effects of ketamine include the following: mind revealing, increased empathy, reliving old memories, religious ecstasy, apparent out-of-body experience, and near death experience (3, 6, 7) .
Ketamine binds to the PCP receptor inside the cell [glutamate binds to the N-methyl-D-aspartate (NMDA) receptor on the other side] and thus blocks excitatory glutamate activity. Although ketamine produces NMDA receptor blockade, subanesthetic doses may, in some tract of the brain, actually release glutamate, resulting in excitement via non-NMDA glutamate receptors such as kainic acid and o~-amino-3-hydroxyi-5-methyl-4-isoxazolepropionic acid receptors (8) .
Blocking the NMDA receptor complex may turn off the cells that release the inhibitory y-aminobutyric acid. With the inhibition removed, the next cell in the chain becomes excited. The toxic effects of ketamine include nightmares and depersonalization (a feeling of being unreal, detached, and unable to feel emotion). Attention, learning, and memory are altered during ketamine experiences (2, 3) .
Reports of ketamine abuse appeared soon after its introduction into clinical use (9) . In recent years, the rapid rise of ketamine abuse (10-12) has created a need for a rapid and convenient detection procedure. Ketamine is metabolized to norketamine (NK), dehydronorketamine (DHNK), and other metabolites in the liver (13, 14) . Traditionally, ketamine was analyzed with gas chromatography equipped with nitrogen phosphorous detector (GC-NPD) (15, 16) , gas chromatography-mass spectrometry (GC-MS) (17, 18) , or liquid chromatography-mass spectrometry (LC-MS) (11) . Previous workers have limited their efforts to the determination of free K, NK, and DHNK (11) (12) (13) (14) (15) (16) (17) (18) . The phase II metabolites of ketamine metabolism were not fully investigated. Savchuck et al. reported the detection of K conjugate in urine samples collected from patients receiving ketamine as anesthetics, whereas no NK and DHNK conjugates were detected (19) .
Ketamine is a basic drug; it can be metabolized into conjugates during the phase II reaction of drug metabolism and secreted in the urine. The purpose of this report is to determine the presence of conjugated metabolites during ketamine metabolism. We evaluated the effect of acidic hydrolysis on the detection of K, NK, and DHNK. Acid-labile conjugates of ketamine and its metabolites were detected. The GC-MS procedure with acidic hydrolysis and liquid-liquid extraction was validated for routine analysis of urine samples.
Materials and Methods

Urine samples
Urine samples containing ketamine and norketamine were obtained from police arrestees in a disco-dancing pub in Taipei, Taiwan.
Ketamine standards and chemicals
Ketarnine, NK, ketamine-d4 (K-d4), and norketamine-d4 (NK-d4) were purchased from Cerilliant (Austin, TX). Methanol and ethylacetate (EA) were purchased from Mallinckrodt (Paris, KY). Dichloromethane and isobutanol were purchased from J.T. Baker (Phillipsburg, N J). Sodium hydroxide, potassium hydroxide, and concentrated hydrochloric acid were purchased from Riedel-de Hahn (Seelze, Germany). All of the organic solvent and chemicals were reagent grade. 
GC-MS procedure
To a clean 12-mL screw-cap glass tube was added 2 mL of urine sample, which was then spiked with K-d4 and NK-d4 (200 ng each in 40 oL methanol) as internal standard. Samples were hydrolyzed with 0.5 mE of concentrated hydrochloric acid at 120~ for 20 min. After cooling to room temperature, the samples were neutralized with 0.5 mL of KOH (45%). The pH was adjusted with 2 mL 1N sodium hydroxide to greater than 12. After brief vortex mixing, 4 mL of dichloromethane with 10% isobutanol was added and vortexed vigorously. The mixture was centrifuged at 3000 rpm for 5 min. The lower layer was carefully transferred to a clean screw-cap glass tube and evaporated to dryness under a stream of nitrogen at 50-60~ The dried extract was reconstituted in 100 pLEA and transferred to a microvial for GC-MS analysis. In the unhydrolyzed procedure, samples were treated similarly, except that the steps of acidic hydrolysis and neutralization with KOH were deleted. Retention time (rain) Figure 2 . TIC of a positive sample.
Five microliters was injected (splitless). Injection port and interface temperatures were maintained at 260~ and 280~ respectively. The GC oven was held at ll0~ for 0. 5 270~ at 45~ and then held at the final temperature for 0.5 rain. Full-scan MS were obtained with a high concentration (10 pg/mL) of K, K-d4, NK, and NK-d4 standard solutions. Selected ion monitoring (SIM) mode was used for the analysis, unless otherwise stated. Retention times and ions selected for quantitation and qualification are summarized in Table I . Because we were unable to obtain DHNK standard, the NK standard curve was employed to quantitate DHNK. The DHNK concentration determined with GC-MS was, thus, only presumptive. A concen-221 tration of K, NK, or DHNK greater than 100 ng/mL was considered positive. 
I Precision and accuracy
Three different levels of control containing 40, 120, and 360 ng/mL K and NK were analyzed (n = 5) for the within-run study. For the between-day study, one replicate was analyzed on five different days. A new calibration curve was generated every time with the controls.
Statistical analysis
Data were analyzed using MINITAB Release 13.1 for Windows (Minitab, State College, PA). The patterns of concentration change after acidic hydrolysis were analyzed with the Anderson-Darling Normality Test. We employed a nonparametric method to calculate a 95% confidence interval for the median ratio of hydrolyzed and unhydrolyzed samples. 
Results
Gas chromatogram of K, NK standard, and a positive urine sample
The total ion chromatogram (TIC) (monitored in SIM mode) of K, NK standard, and a positive forensic sample are shown in Figures 1 and 2 . DHNK was not detected in the chromatogram of K and NK standard (Figure 1) . Ketamine, NK, and DHNK were well separated in the chromatogram of the positive urine sample (Figure 2) . A positive sample was reanalyzed in full-scan mode, and the MS of the presumptive DHNK is shown in Figure 3 .
Linearity and limit of detection (LOD)
The linearity of the method was determined with calibration standards at 0, 50, 100, 200, and 500 ng/mL. Calibration curves for K and NK are shown in Figure 4 . The linear regression of the calibration curve for K was y = 0.0028x + 0.0637 (/~ = 0.9991) and for NK wasy = 0.0122x + 0.157 (R 2 = 0.9999). The LOD, limit of quantitation (LOQ), and range of linearity were determined with different levels of K and NK in triplicates. The LOD was defined as the lowest concentration at which all replicates produced results with a signal-to-noise (S/N) ratio greater than 3. The LOQ was defined as the lowest concentra-tion detected that passed the qualifying ion ratio requirement and the concentration determined was within 20% of expected value. The range of linearity was defined as the highest concentration that passed the qualifying ion ratio requirement and the concentration determined was within 20% of the expected value. The LOD was 1 ng/mL for K and 5 ng/mL for NK. The LOQ was 5 ng/mL for K and 10 ng/mL for NK. The range of linearity was 5 pg/mL for K and NK.
Precision and accuracy of GC-MS procedure
The within-run and between-day precision and accuracy are presented in Tables II and III . The within-run precision (%CV) of the three different control levels (40, 120, and 360 ng/mL) of K and NK were all less than 3.41%. The between-day precisions of the same controls were all less than 5.31%. The accuracy was between 93.7% and 102.5% for the controls.
Effect of acidic hydrolysis on the determination of K, NK, and DHNK
A group of 50 urine samples collected from disco-dancing pub participants was analyzed with the described GC-MS procedure. Results of positive samples are shown in Table IV . Eighteen samples tested positive for all three analytes without acidic hydrolysis. Another six samples tested positive only for K and NK. Ketamine, NK, and DHNK concentrations were significantly increased in many samples after acidic hydrolysis.
Journal of Analytical Toxicology, Vol. 28, April 2004 As mentioned in the Materials and Methods section, the concentration of DHNK was only presumptive. The ratio (hydrolyzed/unhydrolyzed, H/U) of each analyte determined after acidic hydrolysis is also shown. The distribution pattern of the ratios was analyzed with the Anderson-Darling Normality Test. The P-values for K, NK, and DHNK were 0.021, 0.014, and 0.391, respectively. The distribution pattern of the ratios was not normal for K and NK. Instead of calculating an average ratio value for the group of positive samples, the 95% confidence interval for the ratio was calculated and presented as follows: K, 1. 06-1.30; NK, 1.26-1.49; and DHNK, 1.16-1.53 . The median concentration ratios of HAI K, NK, and DHNK were 1.15, 1.35, and 1.44, respectively.
Discussion
Earlier studies of ketamine metabolism have indicated the presence of NK and DHNK as the major metabolites. Some workers had suggested that DHNK was an analytical artifact of high-temperature GC procedures (20, 21) . Kochhar (13) and Savchuk et al. (14, 19) had reported the detection of DHNK as a ketamine metabolite with GC-MS in human urine after ketamine anesthesia. Moore et al. (11) were able to detect DHNK with an LC-MS procedure at low temperatures. Our results (11, 13, 14) . The DHNK MS presented by Savchuk et al. (14) showed an ion with m/z 222 (M + H +) instead of m/z 221 because of the different kind of mass analyzer (an ion trap mass analyzer) employed in their study. DHNK was not detected in the chromatograrn of K and NK standard (Figure 2) . In this report, 50 samples were analyzed; 18 of the samples tested positive for K, NK, and DHNK. There were six more samples that tested positive only for NK and DHNK. Using results obtained after acidic hydrolysis for comparison, the DHNK concentration was greatest in 20 of the 24 positive sampies. The K or NK concentration was greatest in only two samples each. This is in agreement with results published by Moore et al. (11) . Because the NK standard curve was employed to quantitate DHNK, the higher concentration of DHNK detected should be interpreted with caution. If the same concentration of DHNK generated a higher response than NK, the DHNK concentration was overestimated. This issue will be studied with authentic DHNK material in the future.
In the previous study by Wieber et al. (22) , only 20% of administered ketamine was detected in urine as K, NK, and DHNK. The remaining could be excreted as other metabolites. Savchuk et al. (14) had identified several minor rnetabolites in urine samples from patients receiving ketamine for anesthesia, such as 4-hydroxyketamine, 3,4-dehydronorketamine, deaminonorketamine, hydroxydehydroketarnine, 5,6-dehydrodeaminonorketamine, and acid-labile conjugates of ketamine (19) . In the GC-MS procedure we described here, samples were hydrolyzed with hydrochloric acid before extraction with organic solvent. The acidic hydrolysis led to a significant increase of K, NK, and DHNK concentration in many samples analyzed. DHNK showed the most increase (median ratio value 1.44), followed by NK (1.35) and K (1.15). The median ratio, instead of the average (mean) ratio, was used here to indicate the percent change after acidic hydrolysis. The effect of acidic hydrolysis indicated that after ketamine use, K was metabolized to NK, DHNK, as well as to acid-labile conjugates of K, NK, and DHNK. Ketamine conjugates detected by Savchuk et al. (19) from urine samples of one patient receiving ketamine anesthesia were acid-labile and glucuronidase and sulfatase resistant. The authors suggested that the conjugates were not Oglucuronide. In the same report (19) , no NK and DHNK conjugates were detected. Although there was no O-conjugation site on K, NK, and DHNK molecules, N-glucuronidation can occur. Glucuronidation of amines was reported by Chiu and Huskey (23) . Substrates for N-glucuronidation can be classifted according to the chemical structures of the resulting glucuronides into two groups: compounds that form nonquaternary N-glucuronides and those that form quaternary amines. Benzidine, 2-amino-4-(5-nitro-2-furyl)thiozole (23) , and retigabine (24) are examples of primary amines that form N-glucuronides. Secondary amines that form N-glucuronides include the following compounds: sulphadimethoxine, sulphamethornidine, sulphasomidine, and N-OH-l-naphylamine (23) . It is thus possible that the conjugates we identified in this report were the N-glucuronides. However, glutathionyl or acetyl conjugates were also possible. Further work will be needed to prove the identity of the conjugates.
